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Particle size distribution (PSD), fractal dimension (FD), electrical resistivity, and penetration using the fall cone test were evaluated as
alternative measures for assessing particle breakage in weathered soil. The percentage of particles passing through a 0.075 mm sieve (% ﬁnes)
was used as the standard value to represent the estimated particle breakage, and then, the FD was estimated using a particle size analysis. The %
ﬁnes and the FD of compacted specimens with the optimum moisture content (OMC) were found to increase for the original specimens, but the
electrical resistivity was found to decrease. In particular, electrical resistivity, measured at 5, 10, and 20 MHz, was applied to minimize the error
at each measurement frequency. At higher volumetric water contents (above 0.35), the values of electrical resistivity become similar and are
difﬁcult to differentiate. Therefore, to estimate the particle breakage at high water contents, an alternative method to the fall cone test was used.
The fall cone penetrations were measured in the water content range of 35–55%. The water contents of the compacted specimens were lower than
the values of the original specimens at the same penetration. This result signiﬁes that the penetration increased at the same water content.
Furthermore, the variation in % ﬁnes could be evaluated by measuring the variation in water contents at the same penetration.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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As weathered soil is generally classiﬁed as SM or SC by the
Uniﬁed Soil Classiﬁcation System, it is regarded as a stable
soil. Although it seemingly has good strength, it is in a state of
instability, because the particles can easily be separated by
impact or disturbance (Brand and Phillipson, 1985). The
particles of weathered soil are easily broken by stress, which
is signiﬁcantly inﬂuenced by the environment and ﬁeld
conditions. Furthermore, particle breakage leads to changes
in the particle size distribution and the strength parameters.0.1016/j.sandf.2014.12.015
5 The Japanese Geotechnical Society. Production and hosting by
g author. Tel.: þ82 28804593; fax: þ82 28732087.
ss: bth21@snu.ac.kr (T. Bong).
der responsibility of The Japanese Geotechnical Society.Researchers who study particle breakage claim that the particle
breakage in soil is attributed to stress and that it can occur
under a relatively low stress level. Studies have been con-
ducted to examine the breakage depending on the particle
strength, shape, and size (Hagerty et al., 1993; Lade et al.,
1996; Yamamuro et al., 1996). Knowledge of microscopic
particle crushing is important for understanding the mechanism
of particle breakage (Nakata et al., 2001a) and visualization
helps in the understanding of the size distribution of broken
particles as a result of crushing. Many tests have been carried
out on various granular materials to examine the visualization
of the evolution of crushing in materials subjected to different
stress levels, compression methods, and computer simulations
using the Discrete Element Method (DEM) (Nakata et al.,
2001a, 2001b; Lobo-Guerrero and Vallejo, 2005, 2006). TheElsevier B.V. All rights reserved.
Table 1
Physical Properties of Soils
Soils Sampling
Depth
(m)
Speciﬁc
Gravity
(Gs)
Liquid
Limit
(%)
Plasticity
Index
(%)
%
Fines
USCSa γdmax
(kN/m3)
OMC
(%)
A 1.0 2.75 – NP 12.90 SM 16.21 16.0
B 2.0 2.73 – NP 24.03 SM 17.02 19.2
C 3.0 2.72 – NP 17.60 SM 16.49 20.3
D 1.0 2.68 – NP 20.38 SM 16.01 20.0
aUniﬁed Soil Classiﬁcation System.
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results of particle size analyses. The level of particle breakage
has been evaluated using the speciﬁc area or the percent
passing through a 0.075 mm sieve (Jeong and Yang, 2000;
Kim et al., 2001). Particle breakage has been represented by
the breakage index, the breakage ratio, and the breakage
potential, which were deﬁned using the results of particle size
analyses (Lee and Farhoomand, 1967; Marsal, 1967; Hardin,
1985). Therefore, a particle size analysis is performed as a
standard method to represent the estimated particle breakage of
the soil. Meanwhile, many researchers have studied the use of
fractals in particle size analyses. The fragmentation fractal of
the particle size distribution curve was proposed by equations
and models (Tyler and Wheatcraft, 1992; Hyslip and Vallejo,
1997; Bittelli et al., 1999; Min and Lee, 2003). A fractal is
generally deﬁned as a fragmented geometric shape that can be
split into parts, each of which is a reduced-size copy of the
entire shape. Hence, the fractal dimension is estimated using
the results of a particle size analysis.
Water has a large effect on particle crushing because of its
high polarity, low viscosity, and small molar volume (Miura
and Yamanouchi, 1975). Also, particle breakage in rockﬁll
depends on the strength of the individual particles, the grain
size distribution, the stress level, and the relative humidity
prevailing in the rockﬁll voids (Chavez and Alonso, 2003).
Electrical resistivity and the fall cone test are used as
alternative methods for measuring particle breakage. There
are three routes through which electrical currents ﬂow in soil:
they pass through both solid and pore ﬂuids, they pass through
soil particles alone, and they pass through pore ﬂuid alone
(Smith and Arulanandan, 1981; Mitchell, 1993). It is also
known that the electrical resistivity in soil is subject to the
inﬂuence of factors such as porosity, the electrical resistivity of
the pore ﬂuid, the characteristics of the solids, the degree of
saturation, the particle shape and orientation, and the pore
structure (Keller and Frischknecht, 1966; Parkhomenko, 1967;
Arulanandan and Muraleetharan, 1988; Ward, 1990;
Thevanayagam, 1993; Yoon and Park, 2001). In soil under
wet conditions, electric currents are conducted through the
connected pore ﬂuid, which has high conductivity and is a
main route for electrical currents generated in the soil (Yoon
et al., 2002). This is because the electrical resistivity becomes
rapidly lower under wet conditions and its value is not
sufﬁcient to evaluate at higher water contents. That is, it is
not clearly distinguishable at high water contents. Therefore,
the upper limit of the water content, measurable using
electrical resistivity, was estimated in this research, and the
fall cone test was used when specimens had higher water
contents than this upper limit water content.
Researchers have attempted to resolve the drawbacks of the
Casagrande method, and the fall cone test was developed as an
alternative method (Houlsby, 1982; Wood, 1982, 1985;
Koumoto and Houlsby, 2001). In England, Sweden, and
Canada, determining the liquid limit using the fall cone test
is listed in the relevant speciﬁcations; the fall cone test is
considered to be more reliable than the Casagrande method
(Koumoto and Houlsby, 2001). Researchers have suggestedthat the liquid limit is the water content at which clay has a
certain un-drained shear strength (Wroth and Wood, 1978).
This relationship between water content and shear strength can
be applied to the results of the fall cone test. With this
background in mind, the present research attempted to identify
particle breakage by observing the changes in penetration at
the same water content. To date, there have been no studies
that have estimated the relationship between particle breakage
and penetration using the fall cone test.
In this study, the fractal dimension was estimated using a
particle size analysis. The electrical resistivity was measured at
different volumetric water contents by varying the frequency
from 100 Hz to 30 MHz, and then, the applicable ranges in
volumetric water content, used to estimate the electrical
resistivity, were proposed. The fall cone test was used at high
water contents when the electrical resistivity could not be used
to estimate particle breakage. Based on the results, the ranges
in effective water content for using electrical resistivity and the
fall cone test, to estimate particle breakage in weathered soil,
were proposed. Furthermore, the fractal dimension, the elec-
trical resistivity, and the penetration by the fall cone test were
veriﬁed as alternatives for measuring the particle breakage in
weathered soil.
2. Materials and methods
2.1. Materials
The four different soils used in this study were collected in
Hwaseong, Gyeonggi, South Korea and were labeled as A–D
according to the sampling location. All the soils in this area
originated mostly from the in situ weathering of granite and
were classiﬁed as silty sand by the Uniﬁed Soil Classiﬁcation
System. Their physical properties are summarized in Table 1.
To analyze the chemical composition and mineralogy of the
soil particles, oven-dried soils were pulverized and an X-ray
ﬂuorescence (XRF) analysis (XRF-1700, Shimadzu, Japan)
was run. The results of the XRF analysis for all the soils are
shown in Table 2.
2.2. Methods
The four different disturbed samples were collected in situ
and compacted using standard A compaction, according to
ASTM D 698-07. As the particle breakage of the specimens
Table 2
Results of X-ray Fluorescence (XRF) for soils.
Soils SiO2 Al2O3 TiO2 Fe2O3 MgO CaO Na2O K2O MnO P2O5 L.O.I.
A 62.26 16.15 0.77 8.55 1.89 0.31 0.60 1.90 0.11 0.07 4.03
B 60.42 16.70 0.98 9.27 2.68 1.51 0.91 0.99 0.12 0.14 5.36
C 63.26 17.12 0.80 7.81 1.99 0.76 1.31 1.82 0.11 0.07 3.84
D 59.66 16.02 0.76 8.64 1.88 0.58 0.46 1.30 0.11 0.09 5.33
Fig. 1. Relationship between size and number of particles.
Fig. 2. Relationship between mass and number of particles.
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tion, the optimum water content and the maximum dry unit
weight were estimated prior to performing the other tests. The
samples were prepared by drying the soils in air and then
mixing them with water to have the designed water contents.
The PSD of each specimen was individually obtained follow-
ing ASTM D 421-85 and D 422-63. The FD was evaluated
after PSD to assess the impact of compaction. The fragmenta-
tion fractal theory was used to analyze the FD. Soil is
commonly created from geological rock. The number of
particles increases with the increasing degree of weathering.
However, the particle size was found to decrease in this study.
In Eq. (1), some researchers proposed the relationship between
particle size and the number of particles, as follows
(Mandelbrot, 1982, 1985; Turcotte, 1986):
NðR4rÞ ¼ CrD ð1Þ
where R is the number of objects having a radius R larger than
r, C is a constant, and D is the fractal dimension. Fig. 1 shows
the relationship between size and the number of particles.
For soil particles, some researchers pointed out that it is
generally more convenient to express the number-based power
law (Eq. (1)) in a mass-based form. The mass-based approach
is compatible with the data obtained from experimentation,
where mass fractions rather than number fractions are usually
measured (Bittelli et al., 1999). That is, the mass-based
approach is advantageous in that the results obtained with
PSD can be immediately used. As a result, the mass-based
approach has been proposed as described in Eq. (2) (Turcotte,
1986; Tyler and Wheatcraft, 1992) as follows:
MðrÞ
M
prm ð2Þwhere MðrÞ is the mass of the soil particle with a radius larger
than r, M is the total mass of particles, and m is the coefﬁcient
that can be estimated by the slope of LogðMðrÞ=MÞ and
LogðrÞ.
This power law can be related to the fractal number relation
by taking incremental values (Matsushita, 1999).
Assuming a spherical shape for the soil particles, the number
of particles N with radius r is proportional to its mass M. Mass
and volume are directly proportional and volume is inﬂuenced
r3 (Tyler and Wheatcraft, 1992). Therefore, the relationship
among mass, radius, and number of particles is described by
Eq. (3). And Eq. (4) can be derived from Eqs. (2) and (3) as
follows:
dMpr3 dN ð3Þ
rmpr3D ð4Þ
Therefore, the FD can be estimated using Eq. (5).
D¼ 3m ð5Þ
Eq. (5) relates the exponent m of the mass-based approach to
the exponent D of the number-based approach. Fig. 2 shows
the relationship between size and mass of particles.
The water contents of the specimens used for estimating the
electrical resistivity were 5, 10, 15, 20, and 25%, and the range
in measurement frequency was 100 kHz–30 MHz. Addition-
ally, to consider both the effect of the density and the effect of
the water content of each specimen, the volumetric water
content of each specimen was calculated and correlated with
the electrical resistivity. The range in volumetric water content
used in this research was calculated to be from 0.06 to 0.40.
The prepared soil was packed into an acrylic mold, which was
specially designed for measuring the electrical resistivity of the
specimen. A compaction rod, with the same dimensions as the
mold, was used to ﬁll the soil in the mold. For consistent test
conditions, the same amount of soil poured into the mold was
compacted to the height of 15 cm. The mold was 15 cm
2 cm 20 cm. The electrical resistivity of the specimen was
measured using a HP4285A Precision LCR meter (Hewlett
Packard, USA) and an Agilent 4263B LCR meter (Agilent,
USA). The HP4285A LCR meter is generally appropriate for
use in the frequency range of 75 kHz–30 MHz, while the
Y. Son et al. / Soils and Foundations 55 (2015) 192–200 195Agilent 4263B LCR meter can be used in the range 100 Hz–
100 kHz.
For the fall cone test, a brass ring, 60 mm in diameter by
20 mm in height, as suggested by Feng (2000), was used. The
fall cone test is a simple method for preparing a specimen,
which can prohibit air from mixing in the specimen. Swedish
fall cone equipment (601, 60 g) was used in this study.
Distilled water was added to the natural soil samples.
3. Results and discussion
3.1. Estimation of particle breakage using PSD and FD
The compaction test used to determine the effect of particle
breakage was performed for each specimen, and the optimum
moisture content (OMC) was analyzed. Additionally, the PSD
was performed to characterize the breakage occurring by
comparing the measurements in the samples after compaction
in OMC and without compaction. Fig. 3 shows the results of
the PSD measurements. In Fig. 3, “original” indicates that the
disturbed samples collected in situ were not subjected to
compaction. Otherwise, OMC denotes that the samples were
compacted under OMC conditions. All the specimens passed
completely through 4.75 mm sieve.
The passing ratio of the OMC specimens was increased
compared to that of the original specimens. These results
indicate that the ﬁnes were increased after compaction, that is,
relatively larger particles were changed into smaller particles0
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Fig. 3. Particle size distribution (PSD) curves of soils.by compaction. The FD of each specimen was estimated using
the PSD results. The results are listed in Table 3.
As the soil particles were broken by compaction, the % ﬁnes
was increased. Additionally, after compaction in each soil, FD
was increased. These results indicate that the particle breakage
of each specimen can be discerned by measuring the PSD and
the FD of each specimen. The relationship between the
variation in FD (ΔFractal dimension) and the variation in % ﬁnes
(Δ% Fines) becomes linear (Fig. 4); that is, Eq. (5) is applicable
within the following range:
Δ% Fines ¼ 57:07ðΔFractal dimensionÞþ3:85 ð5Þ3.2. Estimation of particle breakage using electrical resistivity
As electrical resistivity can be inﬂuenced not only by the
water content, but also by the density of the specimens, the
volumetric water content was used to measure the electrical
resistivity. The electrical resistivity of the specimens was
measured at different volumetric water contents by varying
the frequency from 100 Hz to 30 MHz. The results are
presented in Fig. 5.
In Fig. 5, the electrical resistivity is seen to decrease with an
increasing volumetric water content or frequency. Additionally,
the values for the electrical resistivity of the OMC specimens
were lower than those of the original specimens. This tendency
is caused by the increasing % ﬁnes according to the particle
breakage; that is, the electrical resistivity is decreased because0
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(a) Soil A, (b) Soil B, (c) Soil C, and (d) Soil D.
Table 3
Fractal dimension (FD), % Fines, and variation value (ΔF:D:,Δ% Fines) of
Original and OMC specimens.
Soils Original (without
compaction)
OMC (after compaction in
OMC)
Δ (variation
value)
F.D. % Fines F.D. % Fines ΔF:D: Δ% Fines
A 2.531 12.90 2.705 27.12 0.174 14.22
B 2.657 24.03 2.727 32.14 0.067 8.11
C 2.577 17.60 2.707 28.14 0.131 10.54
D 2.627 20.38 2.726 29.96 0.099 9.58
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Fig. 4. Relationship between variation in % ﬁnes (Δ% Fines) and variation in
FD (ΔFractal dimension) of original and OMC specimens
Y. Son et al. / Soils and Foundations 55 (2015) 192–200196the electrical conductivity is increased by the increasing contact
area between the particles. In particular, the values for the
electrical resistivity measured at 5, 10, and 20 MHz are very
similar in each specimen. These values are plotted in Fig. 6.
As the variation in the values was too small, according to the
frequency at the same volumetric water content, the electrical
resistivity could be expressed as one equation in the frequency
range of 5–20 MHz, as summarized in Table 4. The equations
expressed in Table 4 could be used to obtain more precise and
stable results.
The electrical resistivity of each soil sample, according to
the volumetric water content, can be estimated using the
regressive equations in Table 4. The constant of ae in the
OMC specimens decreased compared to that in the original
specimens.
However, at higher volumetric water contents (above 0.35),
the electrical resistivity of the soils, even under different
conditions, became similar and difﬁcult to differentiate. This
result indicates that the electrical resistivity of the soils is
governed by pore water rather than by the properties of soils
above a certain level of water content. Therefore, to estimate
the particle breakage at high water contents, the fall cone test
was used as an alternative method in this research.3.3. Estimation of particle breakage using the fall cone test
The fall cone test was performed using both original
specimens without compaction and OMC specimens aftercompaction in the OMC condition. The penetration of the fall
cone was measured in the water content range of 35–55%.
To consider the effect of particle breakage on the fall cone test,
the penetration was estimated and correlated with the water
content. The relationship between the water content and the
penetration for the soils is shown in Fig. 7. The non-linear
regression equations for this relationship are summarized in
Table 5.
As shown in Table 5, the relationship is represented as
P¼ cf edf w. Here, the values for the water content of the OMC
specimens are lower than those of the original specimens at the
same penetration. This result signiﬁes that the penetration is
increased at the same water content. Fig. 7 also shows the
same result. This result is attributed to the increase in ﬁne
particles broken by compaction. Therefore, the breakage
effects can be monitored using the fall cone test.
Some researchers have claimed that the liquid limit should
be deﬁned as the water content at which a 601, 60 g fall cone
would penetrate 10 mm (Koumoto and Houlsby, 2001).
Although the specimens used in this research were different
from those of Koumoto and Houlsby (2001), for the measure-
ment of the water content at the same penetration, the value of
the penetration of 10 mm was applied as the standard value.
That is, the variation in water content was estimated at
P¼10 mm. The variation in water contents for each soil was
estimated for both the original specimens and the OMC
specimens at the same penetration (P¼10 mm), and the results
are summarized in Table 5. These values could be calculated
using Eq. (6) within the range. The relationship between the
variation in water content and the variation in the fractal
dimension in Table 3 are shown in Fig. 8.
ΔWater content ¼ 11:69ðΔFractal dimensionÞþ4:96 ð6Þ
Therefore, the variation in % ﬁnes has a linear relationship
with the variation in water content by the fall cone test, which
could be presented as Eq. (7) within the range.
Δ% Fines ¼ 5:09ðΔWater contentÞþ28:8 ð7Þ
These results indicated that the fall cone test could be applied
to measure the particle breakage at high water contents.
Furthermore, the variation in % ﬁnes could be evaluated by
measuring the variation in water content at the same
penetration.
4. Conclusions
The particle size distribution, the fractal dimension, the
electrical resistivity, and the fall cone test have been used as
alternative measures to estimate the particle breakage in
weathered soil. The following conclusions were obtained.
In comparison to those of the original specimens, the
passing ratio and the fractal dimension of the OMC specimens
were increased. These results indicate that the number of ﬁnes
was increased after compaction. The values for the electrical
resistivity of the OMC specimens were lower than those of the
original specimens. This tendency is caused by the increased
number of ﬁnes according to the particle breakage. However,
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Fig. 5. Variation in electrical resistivity of soils in frequency range from 100 Hz to 30 MHz for (a) Soil A: Original, (b) Soil A: OMC, (c) Soil B: Original, (d) Soil B:
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Table 4
Regressive equations of electrical resistivity vs. volumetric water content of Original and OMC specimens in frequency range from 5 MHz to 20 MHz.
Soils ρ¼ aeθbe ρ for electrical resistivity (Ω m), θ for volumetric water content, ae, be (dimensionless)
Original OMC
ae be ae be
A 3.07 1.544 2.78 1.485
B 3.60 1.559 2.86 1.550
C 4.70 1.382 3.90 1.350
D 5.44 1.455 4.04 1.496
Y. Son et al. / Soils and Foundations 55 (2015) 192–200198because the electrical resistivity of the soil is governed by pore
water, rather than by the properties of the soil above a certain
level of water content, the electrical resistivity of the soil
becomes similar and is difﬁcult to differentiate at higher
volumetric water contents (above 0.35). To estimate the
particle breakage at high water contents, the fall cone test
was used as an alternative method. The penetrations of the fall
cone were measured in the water content range of 35–55%.
The water contents of the OMC specimens were found to be
lower than those of the original specimens at the same
penetration. This result signiﬁes that the penetration is
increased at the same water content, and it is attributed tothe increase in ﬁne particles broken by compaction. Further-
more, the variation in % ﬁnes can be evaluated by measuring
the variation in water content at the same penetration.
Therefore, the effect of particle breakage in weathered
granular soil, such as SM and SC, can be monitored using
PSD, FD, electrical resistivity, and the fall cone test. In
particular, the fall cone test can monitor effectively in high
water contents when the electrical resistive cannot be used to
estimate the particle breakage. However, the results which
might include uncertainties in the measurements need to be
reﬁned by accumulating more data under different conditions
to increase their reliability.
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Table 5
Regressive equations of penetration vs. water content and ΔWater content (at
P¼10 mm) of Original and OMC specimens.
Soils P¼cf edf w P for penetration (mm), w for water content (%), e for
exponential function, cf , df (dimensionless)
Original OMC ΔWater content (%) at P¼10 mm
cf df cf df
A 0.131 0.087 0.568 0.061 ()3.01
B 0.120 0.084 0.254 0.076 ()4.07
C 0.169 0.084 0.246 0.080 ()3.15
D 0.129 0.079 0.424 0.062 ()4.05
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Fig. 8. Relationship between variation in water content (ΔWater content) and
variation in FD (ΔFractal dimension) of soils.
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